We report a first-principles calculations to study the effect of a vanadium-carbon (VC) monolayer on the adsorption process of tungsten (W) 
Introduction
Hardness and strength are the two most important properties for materials for mechanical machining tools, such as ceramics, high speed steel etc. But the hardness in high speed steel is less and the strength of ceramics is not very high. Instead of these intrinsic disadvantages of metals and ceramics, generally metals have high strength and ceramics have high hardness. To develop novel materials consisting of both the advantages many kinds of metal-ceramic composites have been fabricated intensively, largely by the powder metallurgical method. WC-Co is one of those cermets, which has much attention because their hardness, strength and wear resistance are well balanced at high level. The mechanical properties of WC-Co compounds are known to be dependent on the grain size of the carbides. Materials with smaller grain size have high mechanical properties [1] . Since WC-Co consists of WC grains with Co rich phase in between [2, 3] , in order to improve the mechanical properties of WC-Co compounds, we need to obtain the microstructure with smaller carbide grain size [4, 5] . Among the various transition metal carbides as additives to control the grain growth of WC, VC is the most effective dopant to reduce the grain growth of WC [6] . It is known that a few % of VC addition is sufficient to inhibit the grain growth efficiently, but the inhibition mechanism is not so far clear [6, 7] .
In the present study, we investigate the inhibition mechanism from a quantum mechanical view, using density functional theory. Adsorption and desorption are two mechanisms of sintering. The objective of the present work is to study the W and C adatom adsorption/desorption process on a clean WC (0001) surface and on a WC (0001) surface covered with a monolayer of VC. The structure of WC is hexagonal in base, and the (0001) surface could be either W or C terminated surface. Since it is reported [8] that WC (0001) surface is either purely W terminated or W terminated with 30% of available hcp hollow sites occupied by additional carbon atoms, we feel it will be reasonable to consider only W terminated WC (0001) surface for a simple approach that can provide a fundamental mechanism of inhibited grain growth of WC in presence of VC.
Methods
The adsorption energy of a single adatom E ads at height z is given by E ads (z) = E tot (z) − E tot (∞) (1) Where E tot (z) is the total energy of the structure with the adatom adsorbed at height z on the surface and E tot (∞) is the total energy of the same surface with the adatom at an infinite distance.
All ab initio total-energy calculations and geometry optimizations are performed within density functional theory (DFT) using Blöchl's all-electron projector augmented wave (PAW) method [9] as implemented by Kresse et al. [10] . For the treatment of electron exchange and correlation, we use the generalized gradient approximation (GGA) of Perdew et al. [11] . The Kohn-Sham equations are solved using a preconditioned band-by-band conjugate-gradient (CG) minimization [12] . The plane-wave cutoff energy is set to 400 eV in all calculations. Ionic relaxations are performed until the root-mean-square (rms) force is less than 0.001 eV/Å. The Brillouin zone is sampled with a density equivalent to 54 k-points in (1×1) surface Brillouin zone using the Monkhorst-Pack scheme [13] . A Fermi-level smearing of 0.2 eV was applied using the Methfessel-Paxton method [14] . We use a standard supercell technique in modeling the WC (0001) surface with (3×2) surface unit cell and the height (along Z direction) consists of three W and two C substrate layers. The unit cell maintains the periodic boundary condition in all three dimensions, and contains 15 Å of vacuum along the height (Z). In order to mimic a bulk like structure in the middle of the substrate, atoms at the bottom layers (one W and one C substrate layers) are fixed at their bulk positions, while all other atoms are allowed to relax.
Results and Discussion
Tungsten carbide is related to hcp lattice with space group P6m2. From the full relaxation of lattice parameters, we found that a = 2.905 Å and c = 2.836 Å that are very close to the reported value of hexagonal WC (a = 2.906 Å, c = 2.837 Å) [15] . We also have found that the lattice parameter of VC in NaCl structure is 4.159 Å which is again very close to the reported value of 4.16 Å [16] .
To prepare the foundation to study the adsorption of W and C atoms on top of the WC (0001) surface with VC monolayer, we construct three different models for vanadium carbide (VC) monolayer on top of the WC substrate. Fig. 1 shows the three different models we considered. We compare these three different models of VC on top of WC (0001) surface to determine the minimum energy configuration. The minimum energy configuration corresponds to the most sTab. structure of VC monolayer on top of WC (0001) surface. Model 1 (Fig. 1a) is constructed in such a way that all the V and C atoms lay on the same plane. The V and C atoms are alternatively arranged, such that it has the same structure of a (001) plane of VC in NaCl structure. In model 2 and 3 we place V and C atoms in separate planes. In model 2 (Fig. 1b) , V atoms form the terminating surface while C atoms form the terminating surface for model 3 (Fig. 1c) . Out of the three different models, we found that the model 1 is energetically the most favorable configuration. Tab. 1 shows the comparison of the three different models. Our study of adsorption process is continued with model 1 consists of VC monolayer on top of the WC (0001) surface. A schematic one dimensional energy landscape for adsorbed atom is shown in Fig.2a , in the vicinity of the W terminated WC surface. Far from the surface, the interaction of the adsorbed atom with the WC substrate is minimum and considered as the reference. The energy while the adsorbed atom is at the sTab. position near the surface is known as the adsorption energy (E ads ). The adsorbed atom must overcome the penetration energy barrier (E p ) in order to be located within the bulk site. Finally in order to diffuse within the bulk site, adsorbed atom needs to overcome the bulk diffusion energy barrier (E mB ). However, for the reverse migration of the adsorbed atom from the bulk site to surface site, the required energy barrier is (E p -χ). On the other hand, if an extra plane of atoms is placed on top of the host surface, the energy barrier for the adsorbed atom to penetrate the extra plane of atoms and adsorbed on the host surface is shown in Fig.2b . This energy barrier will be different depending on the nature of the interaction of adsorbed atom with the extra plane of atoms, as shown in the Fig.2b . In our previous study [17] , we have shown that an extra plane of Fe atoms on W (100) surface introduces a small energy barrier of 0.53 eV, and the W adsorbed atom can easily penetrate that much of energy barrier and be adsorbed on the W (100) surface.
Fig. 2. One dimensional energy landscape for an adsorbed atom on a surface (a)
, and on an extra plane of atoms (b) on top of the surface. E ads , E p , and E mB are the adsorption, penetration and bulk diffusion energy barrier for the adsorbed atom, respectively. Depending on the nature of the interaction of an adsorbed atom and the extra plane of atoms, the energy barrier to penetrate the extra plane of atoms and to be located on the host surface changes. Once the adsorbed atom penetrates the extra plane of atoms in (b), the energy landscape is similar to the adsorbtion of the adatom on the host surface in (a). Fig. 2 that a W atom needs more energy to be adsorbed on the WC surface covered with a VC monolayer, compared to a clean WC surface. The depth of the adsorption well is a measure of the strength of binding to the surface, where minimum on the horizontal axis corresponds to the equilibrium distance for the adsorbed W atom on the WC (0001) surface with or without VC monolayer. Compared to the direct adsorption to the WC (0001) surface in absence of VC monolayer, adsorption through VC monolayer is much more incompetent because the adsorption energy of W atom through VC monolayer is significantly higher (1.73 eV). We found that the energy barrier for the W adatom to penetrate the VC monolayer on top of the WC (0001) surface and to be located on the WC host surface is significantly high (> 4 eV) and it is very unlikely for that W adatom to penetrate the VC monolayer. The W and C adsorption energies and the corresponding heights are listed in Tab. II. Tab. II also shows the difference between the adsorption energies for a W adatom on a clean WC (0001) surface and on a WC (0001) surface covered with VC monolayer. 4 shows the variation of adsorption energy with respect to height from the WC (0001) surface for a C adatom, as similar to Fig. 3 . Fig. 4 also shows the C adatom adsorption on two different surfaces of W terminated WC, a clean WC (0001) and a VC monolayer on top of the WC (0001). Position of the VC monolayer is also shown in the Fig. 4 . Using the similar procedure as described for W adatom adsorption, we found that C atom needs more energy to be adsorbed on the WC surface covered with a VC monolayer, compared to a clean WC surface. A C atom adsorption through VC monolayer is much more incompetent because the energy barrier for C atom to penetrate the VC monolayer is significantly high (> 3.2) and it is very improbable to get that much of energy from the applied heating source (furnace). It is worthwhile to mention here that the probability for the adatom to penetrate the VC monolayer and to be located on the WC surface site increases with the increase of system temperature with Γ = 10 13 exp(-E b /k B T), where the phonon frequency is typically considered to be 10 13 Tab. II shows the difference between the adsorption energies for a C adatom on a clean WC (0001) surface and on a WC (0001) surface covered with VC monolayer. This adsorption energy of C atom on VC monolayer on top of the WC surface is 1.21 eV higher than the adsorption of C atom on clean WC surface. This energy difference also indicates that the growth of WC surface is inhibited when there is a VC layer on top of the WC surface. We also found that the C adatom interact strongly with the VC monolayer on top of the WC surface due to C-C interaction. A further detailed investigation will be required to elucidate the chemistry of C adatom interaction with the VC layer of atoms. It is evident from the Tab. 2, and Figs. 3 and 4 that the W and C adatom needs much energy (~4 eV) to overcome the barrier height generated by VC monolayer, and it is barely possible for the adatoms to cross the barrier and adsorbed on WC surface. The larger adsorption energy of W or C atom on a VC monolayer-covered WC suggests that the VC retard the grain growth of WC. Our result is consistent with the experimental observation that an addition of a small amount of VC inhibits the WC growth in sintering mechanism.
Conclusions
We presented a first principles DFT investigation of the structure and energetic of W and C adatom on WC (0001) surface with and without a VC monolayer. We found that W and C adsorption energy increases significantly in presence of VC. W or C adatom needs much energy (~4 eV) to overcome the barrier height generated by VC monolayer, and it is improbable for the adatoms to cross the barrier generated by VC monolayer and adsorbed on WC surface. In conclusion, observing the adsorption mechanism, it is evident that VC monolayer retards the process of grain growth mechanism of WC system.
